Introduction
The ability of HIV-1 to transport its pre-integration complex (PIC) into the nucleus of an infected cell during interphase is a unique feature that sets this virus, and the whole group of Lentiviruses to which it belongs, apart from other retroviruses that have to rely on the dissolution of the nuclear envelope during mitosis for delivery of their genome into the nucleus (1, 2) . Following initial reports demonstrating the central role of this process in the ability of HIV-1 to replicate in nondividing cells, such as macrophages (3) (4) (5) , the mechanisms of HIV-1 nuclear import have become the subject of intensive research. Early results (6) indicated that the process of nuclear import of HIV-1 genome is energy dependent, thus implying an active transport mechanism and suggesting that the virus is exploiting the cellular nuclear import machinery.
This machinery transports into the nucleus those cellular proteins that carry characteristic nuclear localization signals (NLSs). The most common type of NLS is a short stretch of basic amino acids that introduce an overall net positive charge crucial for nuclear targeting properties of these sequences (reviewed in ref. 7). Import of basic-type NLS-containing proteins across the nuclear pore complex is mediated by karyopherin a/f3 heterodimers (also termed NLS receptor/importin) which bind NLS-containing proteins in the cytosol and target them to the nucleus (8-1i). Karyopherin a binds the NLS, whereas karyopherin (3enhances the affinity of a for the NLS and mediates docking of the import complex to nucleoporins (a collective term for nuclear pore complex proteins) that contain xxFG peptide repeats (reviewed in ref. 12) . A small GTP-binding protein, Ran/TC4 (13, 14) , is probably the major regulator of the directionality of nuclear transport (15) . The direct binding of RanGTP to karyopherin ,B terminates the translocation by disassembling the import complex (16) (17) (18) . In addition to karyopherins and Ran, several other soluble proteins are involved in nuclear import, although their mechanism of action is less defined. The nuclear import factor p10 (also termed NTF2) (19, 20) appears to coordinate the activity of Ran by binding Ran-GDP into a complex with nucleoporin-docked karyopherins (21) . Heat-shock protein 70 (Hsp7O, Hsc7O), as well as some as yet uncharacterized cytoplasmic factors, may act to facilitate the interaction between the NLS and karyopherin a (22, 23) . The ectopic expression of human Hsp7O in mouse cells complemented the defective import of a mutant SV40 large T antigen (24) , and the depletion of Hsp7O from cytosolic extracts prevented import (25, 26) .
A search for NLS-containing HIV-1 proteins that could target the viral PIC for interaction with the cellular import machinery resulted in quick success. A basic-type NLS was identified in the N-terminal region of the HIV-1 matrix protein (MA) (27) and was found to regulate viral nuclear import and infection of nondividing cells (4, 27) . However, the role of MA in HIV-1 nuclear import was disputed in later publications (28, 29) . Another HIV-1 protein with a basic-type NLS is integrase (30) , although its role in nuclear import is also controversial (30, 31) . Genetic analysis also implicated viral protein R (Vpr) in the process of nuclear import of the HIV-1 PIC (3) (4) (5) . But this protein does not have a classical NLS, and its role in nuclear import remained unclear until recently (32) .
In this article we critically review previously published reports on the role of HIV-1 proteins in the process of nuclear import of the viral PIC in light of the most recent information from our and other laboratories. The emerging model depicts MA and Vpr as the main regulators of HIV-1 nuclear import and facilitates development of novel inhibitors of this process.
HIV-1 Proteins that Regulate Nuclear Import of the Viral PIC The MA protein was the first to be identified as a participant from the viral side in the process of HIV-1 nuclear import (27) . Its role turned out to be also the most controversial. The work by Bukrinsky et al. (27) and by Nadler et al. (22) demonstrated that a basic region in the MA protein encompassing amino acids 25-33, G25KKKYKLKH, functions as an NLS when conjugated to BSA. The role of this region in HIV-1 nuclear import was supported by genetic experiments that found a correlation between the inability of HIV-1 variants carrying inactivating mutations in this NLS to import their PIC into the nucleus and poor replication of such viruses in nondividing cells (4, 5, 27) . However, these findings were challenged by two other groups (28, 29) who reported only a minor defect in replication of MA NLS mutant viruses and suggested that it resulted from abnormal processing of the Gag polyprotein, rather than from a nuclear import defect. One of the arguments used in those studies to dispute the role of the MA NLS in HIV-1 nuclear import was that NLS mutations caused an almost similar attenuation of viral replication in nondividing (e.g., macrophages) and dividing (e.g., activated T lymphocytes) cells (28, 29) . This argument relies on the hypothesis that in dividing cells, such as activated T lymphocytes, entry of the virus into the nucleus occurs during mitosis and thus does not require active nuclear importation; this hypothesis is based primarily on the ability of importdeficient mutants to replicate in CD4+ T cell lines (3, 6, 27 (28, 29) might still be caused by inefficient nuclear import.
Some of the controversy surrounding the role of MA in HIV-1 nuclear import may also be explained by an inherent weakness of MA as a karyophile. Compared with the NLS of SV40 large T antigen, the N-terminal MA NLS is a weak one, requiring the presence of multiple peptides per BSA molecule to achieve partial nuclear localization (22, 27) . This may be the reason that one report (29) denied any karyophilic potential of the MA protein. This, of course, is a gross exaggeration, given a well-documented ability of MA to bind to karyopherin a (32, 37, 38) and to direct nuclear import of the fusion protein (39) , but it illustrates the weakness of MA as a karyophile. How then can it target to the nucleus a large macromolecular complex such as the HIV-1 PIC? To some extent, the weakness of the MA NLS is compensated by the presence of multiple (; 1000) copies of MA in the HIV-1 PIC (40). Presence of multiple NLSs has been shown to improve substantially nuclear import, especially of large molecules (41) . In addition, other proteins within the PIC [e.g., integrase (39)] may contribute their NLSs to the process of HIV nuclear import. However, multiplicity of NLSs on the HIV-1 PIC is not sufficient to make it a strong karyophile without involvement of another viral protein, Vpr.
The role of Vpr in HIV-1 nuclear import was suggested by experiments that demonstrated that in the presence of a functional vpr gene, the effect of inactivating mutations in the MA NLS on nuclear import was greatly diminished (3, 5) . Vpr rescued replication of an MA NLS mutant in macrophages by providing sufficient, although reduced by about 50-80% compared with the wild-type virus, nuclear translocation of the viral DNA (3, 39, 42) . In addition, Vpr was shown to target a fusion protein to the nuclear envelope (43) , which is consistent with its role in nuclear import. However, the mechanism of Vpr's activity remained unclear until recently. The Vpr protein does not have a canonical basic-type NLS, and the nuclear targeting determinant appears to reside in the a-helical region of the protein (44, 45) . This region is also involved in mediating Vpr interactions with cellular protein(s) (46, 47) . Mutations in the a-helix domain of Vpr that abolished protein-protein interactions also affected nuclear localization of Vpr (45, 48) . It appears, therefore, that karyophilic properties of Vpr are mediated by a cellular Vpr-interacting protein.
This protein was recently identified as karyopherin a (32, 43 ). An earlier study by Gallay et al. (38) , based on indirect evidence from experiments using dominant-negative mutant of karyopherin a, concluded that Vpr controls nuclear import through a karyopherin a-independent mechanism. This conclusion was consistent with resistance of Vpr-regulated HIV-1 nuclear import to competition by NLS peptides (38) . Some of these earlier results can be explained by an unusual mode of interaction between Vpr and karyopherin a. Whereas binding of MA and other karyophiles to karyopherin a is mediated by the basic-type NLS, binding of Vpr to a does not involve an NLS (32) . Therefore, the binding site of Vpr on karyopherin a does not appear to overlap with the NLS binding sites; in fact, karyopherin a, Vpr, and MA can assemble into a trimer (32) . As a result of Vpr binding to karyopherin a, the affinity of interaction between the NLS and a was increased approximately 10-fold. This mechanism may be instrumental in increasing the karyophilic potential of the HIV-1 preintegration complex.
Significant progress in the studies of HIV-1 nuclear import was achieved with the introduction of an in vitro system that truly reproduced this process (32) . Using this system, Popov et al. (32) demonstrated that inactivation of Vpr completely knocked out import even in the presence of functional MA NLS. This result appears to be inconsistent with in vivo studies that reported Vpr-independent infection of nondividing cells, such as neurons (42, 49) , or growth-arrested HeLa and T cells (3, 5, 39 ). An explanation for this paradox is provided by the finding that cytoplasmic lysates of HeLa cells can rescue import of a Vpr-defective virus in vitro (32), suggesting existence of cellular proteins with a Vpr-like function. The nature of these proteins remains to be identified, as does their mechanism of action, which may or may not be similar to the Vpr's activity.
Another interesting conclusion from the experiments employing in vitro import assay was that in the presence of Vpr, mutation in the MA NLS had only a small effect on nuclear import of the HIV-1 PIC (32). In addition, Vpr enhanced nuclear import of an artificial karyophile (BSA conjugated with the NLS peptide), suggesting that Vpr can stimulate karyophilic activity of any basic-type NLS. This conclusion has important implications for the model of HIV-1 nuclear import. First of all, it explains earlier results (28, 29) that showed only a small effect of MA NLS mutation on HIV-1 replication in nondividing macrophages. Secondly, it suggests that some weak NLSs within the HIV-1 PIC, the effect of which could be missed in classical import assays, may function in the presence of Vpr. One such NLS was recently identified in the C-terminal part of the MA protein (109KSKKK) (22 
